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Soon after they segregate from the neural tube, trunk neural crest cells disperse on two spatially and temporally distinct
pathways. Only crest cells that migrate early and ventromedially give rise to neurons of the peripheral nervous system. It
is also known that neural crest cell-derived populations require appropriate environmental cues early in development in
order to generate neurons, and for the subsequent survival of differentiated neurons. We examined whether neurotrophin-
3 (NT-3), a survival factor for subsets of peripheral neurons, is also involved in the regulation of neurogenesis by neural
crest cells. First, we found that premigratory and migrating neural crest cells on the medial migration pathway of Embryonic
Day 2.5 (E 2.5) embryos express mRNAs encoding multiple isoforms of the NT-3 receptor, trkC, as do cells in the neural
tube and epithelial dermamyotome. On E4, a subpopulation of neurons in nascent sensory ganglia express trkC message.
Second, we demonstrate that trkC mRNA is only expressed in neural crest cell populations that possess neurogenic
potential. Third, we show that the presence of NT-3, during the initial development of cultured neural crest cells, is required
for neurogenesis by a subpopulation of neurogenic neural crest-derived cells. These results suggest that a subpopulation of
neurogenic neural crest cells expresses functional trkC receptors and requires the timely availability of NT-3 for their
development before reaching their ®nal embryonic locations. We suggest that developmental heterogeneity exists in the
identity and requirements of neural crest cell subsets that harbor neurogenic potential. We also suggest that the ``paradoxi-
cal'' expression of trkC receptors by the somitic dermamyotome may, in fact, play a role in the exclusive development of
crest-derived neurogenic precursors on the medial pathway by limiting the availability of NT-3 on the lateral pathway.
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INTRODUCTION Cells that migrate later on the lateral pathway give rise to
melanocytes (Wehrle-Haller and Weston, 1995; Erickson
and Goins, 1995), whereas neurons never differentiate onDuring avian embryogenesis, trunk neural crest cells seg-
the lateral pathway (see Weston, 1991; Vogel and Weston,regate from the neuroepithelium and transiently reside in a
submitted for publication). The temporal and spatial differ-region along the embryonic axis referred to as the migration
ences between neurogenic and nonneurogenic neural creststaging area (MSA; Weston, 1991). One population of neural
cell behavior suggests an early segregation of developmen-crest cells promptly leaves the MSA and migrates ventrally
tally distinct sublineages (Weston, 1991). However, the mo-along a medial pathway into the rostral somite. After a
lecular components that regulate the speci®cation, survival,signi®cant delay, a second population of crest cells migrates
and differentiation of distinct neural crest-derived subpopu-laterally over the dermamyotome (Loring and Erickson,
lations are largely unknown.1987; Serbedzija et al., 1989). A subset of the cells that
Analysis of normal and mutant mice has provided insightmigrate early and on the medial pathway generate neurons.
into the molecular regulation of melanocyte development
on the lateral pathway. Melanogenic precursors appear in
the MSA after neural crest cell dispersal on the medial path-1 To whom correspondence should be addressed. Fax: (503) 346-
4548. way is virtually completed. While still localized in the
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MSA, these cells express the receptor tyrosine kinase c-kit (Garner and Large, 1994). However, the expression patterns
and functions of the different trkC isoforms in developingand acquire a transient dependence on the c-kit ligand, Steel
factor (Slf), for survival (Morrison-Graham and Weston, embryos have not yet been investigated.
To address the possibility that neurotrophins play a role1992) and dispersal (Wehrle-Haller and Weston, 1995).
These results raise the possibility that similar trophic in the development of speci®c early neural crest cell sub-
populations, we have examined the expression of mRNAmechanisms, involving distinct molecular species, may also
regulate the development of a neurogenic sublineage of neu- encoding full-length and alternatively spliced isoforms
(Garner and Large, 1994) of the receptor tyrosine kinaseral crest-derived cells.
The existence of a distinct, early neurogenic sublineage trkC during neural crest development. We have found that
trkC transcripts are expressed by subsets of premigratoryand the possibility that these cells require trophic support
during premigratory and/or early migratory stages has been and early migrating neural crest cells exclusively on the
medial pathway, and by a subpopulation of differentiatedsuggested by avian neural crest cell culture studies and
transplantation experiments (Sieber-Blum and Sieber, 1984; neurons subsequently. We examined the effects of the pres-
ence or absence of the trkC ligand, NT-3, during the initialBarof®o et al., 1988; Vogel and Weston, 1988, 1995; Sieber-
Blum, 1989, 1991; Vogel, 1993). Although environmental stages of neural crest development in vitro on the neuro-
genic potential of the population. Our results suggest thatcues are known to be necessary for neurogenesis, neither
the identity of speci®c growth (trophic/instructive) factor the NT-3:trkC signal transduction system functions early
in embryogenesis to promote the development of a subsetactivities required by neurogenic neural crest cells, nor the
time when these factors are required during development of the neurogenic subpopulation of neural crest cells. Fur-
ther, our results raise the possibility that the loss of subsetshave yet been thoroughly elucidated. Several studies sug-
gest that retinoic acid (RA), or factors whose expression is of peripheral neurons in NT-3 and trkC knockout mice may
be due, at least in part, to the loss of the precursors of theseregulated by RA, as well as a number of polypeptide growth
factors, may play a role in the early stages of neurogenesis cells prior to overt neuronal differentiation and before they
localize in nascent ganglia.by crest-derived cells (Sieber-Blum, 1991; Brill et al., 1992;
Kalcheim et al., 1992; Pinco et al., 1993; Vogel, 1993; Hen-
ion and Weston, 1994; see also, Rockwood and Maxwell,
1993; Dupin and LeDouarin, 1995). MATERIALS AND METHODS
The role of trophic factors in the development of neural
crest cells has generally focused on the survival require- In Situ Hybridizations
ments of differentiated crest-derived peripheral neurons. A
Chicken embryos (White Leghorn, Oregon State Univer-variety of approaches in vitro and in vivo, including gene
sity, Poultry Program, Animal Sciences Department, Cor-knockouts, have demonstrated that members of the nerve
vallis, OR) were staged according to Hamburger and Hamil-growth factor (NGF) family of trophic factors, and their cog-
tion (1951), dissected, and ®xed in 4% paraformaldehydenate receptor tyrosine kinases, are essential for the normal
prepared in PBS for 12 hr at 47C. Wholemount, nonisotopicdevelopment of the peripheral nervous system (see Davies,
in situ hybridizations were performed according to the pro-1994; Barbacid, 1994). Although it is clear that different
cedure of Harland (Harland, 1991) with minor modi®ca-subclasses of differentiated peripheral neurons require one
tions. A detailed protocol for these procedures will be pro-or more neurotrophins for survival, the possible role of these
vided upon request.ligands and their receptors at earlier stages of neural crest
Riboprobes used for in situ hybridization were: (1) trkCdevelopment has only recently been addressed (See, for ex-
EC, complementary to the entire extracellular domain ofample, Sieber-Blum, 1991; Kalcheim et al., 1992; DiCicco-
trkC and therefore predicted to hybridize to all knownBloom et al., 1993; Birren et al., 1993).
splice variants of the chicken trkC receptor (see Garner andThe possibility that multiple intracellular signals may be
Large, 1994). (2) trkC KIN, a 500-bp probe complementarygenerated in response to a single neurotrophin has been
to the C-terminal portion of the kinase domain. This do-suggested by the identi®cation of alternatively spliced neu-
main is absent in the KD isoform, and therefore the proberotrophin receptor isoforms. For example, alternative splic-
recognizes only the FL, KI, and KT isoforms. (3) trkC KD,ing generates multiple trkB (Klein et al., 1990; Middlemas
a 337-bp probe to the unique kinase deletion motif. Senseet al., 1991) and trkC (Okazawa et al., 1993; Tsoulfas et
probes synthesized from each construct were used as con-al., 1993; Valenzuela et al., 1993; Garner and Large, 1994)
trols.isoforms. Speci®cally, alternative splicing of avian trkC re-
ceptor transcripts generates kinase deletion (KD), kinase
truncation (KT), and kinase insert (KI) isoforms in addition Neural Crest Cell Cultures
to the full-length (FL) transcript (Okazawa et al., 1993; Gar-
ner and Large, 1994). Although transfection of PC12 cells Premigratory neural crest cell populations were isolated
as previously described (Loring et al., 1981; Glimelius andwith either of the two kinase-active forms, FL or KI, con-
ferred a process outgrowth response to neurotrophin-3 (NT- Weston, 1981). Brie¯y, neural tubes from 17- to 22-somite,
stage 11±12 (Zacchei, 1961) quail embryos were dissected3), only the FL receptor supported a cell survival response
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and explanted to a nonadhesive substratum (1.5% agar) in sharpened tungsten needles, collected, and washed with
HBSS. After removing the 24-hr neural crest clusters, theneurogenesis permissive medium (PM; see below) for 20±
24 hr. Resulting clusters of neural crest cells were harvested neural tubes were brie¯y incubated and triturated in pancre-
atin to remove any residual neural crest cells, collected,and plated on an adhesive substratum in one of several me-
dia and allowed to develop for 3.5 days in secondary culture. and washed in HBSS. Total RNA was extracted from the
collected tissues using a GlassMax RNA microisolation kitIn all cases, one-half of the medium was changed every 24
hr. In cases where the type of medium was changed, all of (Gibco) according to the manufacturers protocol, and RNA
yields were quanti®ed with a spectrophotometer. The RNAthe original medium was removed and replaced with new
medium after three 5-min washes with the new medium. samples (400 ng total RNA per sample) were then DNase-
treated and reverse transcribed using a Superscript pream-Control cultures that were grown continuosly in the same
medium were also washed in the same way as experimental pli®cation system kit (Gibco) and oligo(dT) primers as de-
scribed by the manufacturer.cultures.
Several different cell culture media were used as described Reaction conditions for PCR ampli®cation were as de-
scribed in the GeneAmp RNA PCR kit (Perkin±Elmerin the text. Neurogenesis PM consisted of Ham's F-12
(Gibco) supplemented with 15% fetal bovine serum (FBS: Cetus). The primers used for ampli®cation were: trkC FL
primers, forward, 5*-AGGATTTCCAGAGGGAGGCAG-Hyclone) of a lot that had been selected previously for its
ability to support maximal neurogenesis in neural crest cul- AGC-3*; reverse, 5*-ACGGAAGGAAGGATTGGGGAC-
TTT-3*. The annealing temperature was 587C and 35 cyclestures. PM also included 4% E10 chick embryo extract (CEE),
which was found to contain detectable levels of NT-3 as were performed. trkC KD primers, forward, 5*-CAACAA-
GGGGAAGTGTCTGA-3*; reverse, 5*-ATGTCCAGGGAdetermined by Western blot analysis (polyclonal anti-NT-3
antibody obtained from Chemicon). In addition, 10 mM GGCTTAT-3*. The annealing temperature was 557C and 35
cycles were performed. Chicken b-actin primers, forward,Hepes buffer (Sigma), 100 units/ml penicillin, 100 units/ml
streptomycin, and 250 ng/ml fungizone (Gibco) were also 5*-GAAGTACCCCATTGAACACG-3*; reverse, 5*-TAC-
CACAGGACTCCATACCC-3*. The annealing temperatureadded to PM. Neurogenesis nonpermissive medium (NPM)
was identical to PM with the exceptions that no CEE was was 567C and 35 cycles were performed. Ampli®cation prod-
ucts were separated on 1.0% (Fig. 3) or 1.5% (Fig. 6) agaroseadded and the percentage of FBS was reduced to 3%. Recom-
binant human NT-3 (PeproTech, Biosource International) gels and stained with ethidium bromide.
was used at a ®nal concentration of 10 ng/ml. Concentra-
tions of 2±25 ng/ml produced equivalent results and con-
Immunocytochemistrycentrations above 50 ng/ml appeared to be toxic to neural
crest cells. A NT-3 function-blocking antibody (Gaese et To identify neuronal cells in vitro and in vivo, we em-
ployed the neuron-speci®c anti-Hu monoclonal antibodyal., 1994) was kindly provided by Dr. I. Bartke (Boehringer-
Mannheim) and used at concentrations suf®cient to neu- (Mab 16A11; Marusich et. al., 1994). This antibody recog-
nizes the protein products of the vertebrate ELAV family oftralize 25 ng of NT-3 (see Gaese et al., 1994). The activities
of the NT-3 and NT-3 antibody were con®rmed by assaying RNA binding proteins. It has been shown to label neuronal
cells in the neural crest lineage earlier than any otherc-fos (c-fos antibody obtained from Oncogene Science) in-
duction in a 3T3 cell line stably transfected with full-length known pan-neuronal marker (Marusich et al., 1994). In
some cell culture experiments, as noted, we also identi®edchicken trkC (kind gift of Drs. P. Tsoulfas and L. Parada;
see Tsoulfas et al., 1993). 7S NGF (Collaborative Research) neuronal cells with monoclonal antibody A2B5 (Eisenbarth
et al., 1979; Girdlestone and Weston, 1985). Live and para-was used at 50 ng/ml and the NGF blocking antibody
(Sigma) was used at a concentration suf®cient to neutralize formaldehyde-®xed cell cultures were processed for immu-
nocytochemistry and random cell counts were performed50 ng of NGF. The activities of both reagents were con-
®rmed by embryonic dorsal root ganglion neuron survival as previously described (see Vogel and Weston, 1988; Hen-
ion and Weston, 1994).assays.
As noted previously, expression of trkC mRNA was de-
tected by nonradioactive in situ hybridization of whole-RNA Isolation and RT±PCR mount chicken embryo preparations. Frozen sections of
these hybridized embryos were subsequently processed forThe trunk region of stage 11±12 quail embryos, including
the neural tube and somites, was dissected and brie¯y incu- immunocytochemistry with both the HNK-1 and Hu anti-
bodies. The HNK-1 antibody was used to identify neuralbated in pancreatin (Gibco). Brief trituration with a ®re-
polished glass Pasteur pipette was used to dissociate the crest cells in sections of early chicken embryos (see Tucker
et al., 1984). The anti-Hu antibody was used to identify allsomites and notochord from the neural tube. Individual so-
mites from the caudal third of the axis were collected at neuronal cells. Frozen 16-mm sections of embryos processed
for wholemount in situ hybridization were collected on gel-this time and rinsed in Hanks' balanced salt solution
(HBSS). The neural tubes were then explanted to a nonadhe- atin-coated slides, rinsed in PBS, and incubated with the
anti-Hu (IgG) and HNK-1 (IgM) monoclonal antibodies forsive substratum in PM for 24 or 48 hr. The resulting neural
crest clusters were removed from the neural tubes with 12 hr at room temperature (RT). The slides were then rinsed
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in PBS and labeled with Hoechst nuclear dye (Calbiochem) HNK-1 (Fig. 1c) demonstrates that these cells are migratory
neural crest cells (HNK-1/) on the medial migration path-and isotype-speci®c secondary antisera conjugated to either
tetramethylrhodamine isothiocyanate or ¯uorescein iso- way. Immunostaining of the same sections revealed that
neither these cells nor any other neural crest cells expressedthiocyanate (Southern Biotechnology; Antibodies, Inc.) for
2 hr at RT. Slides were then rinsed in PBS and coverslipped the Hu neuronal marker at this stage of development (not
shown).with a 1:1 mixture of glycerol and PBS. All antibodies were
diluted in a buffer containing 0.5 M NaCl, 0.01 M phosphate By E4 (stage 23), trkC message was expressed in a subpop-
ulation of cells in the forming DRG ( Fig. 2). Double-labelingbuffer, pH 7.3, 0.1% sodium azide, 2% bovine serum albu-
min, 0.3% Triton X-100, and 5% normal goat serum. with the neuron-speci®c Hu antibody con®rmed that these
cells were neuronal. trkC mRNA appeared to be expressed
at the highest levels in neurons in the ventrolateral portion
of the ganglia, where proprioceptive neurons are known toRESULTS
reside later in development, although some more medial
neurons also expressed detectable levels of trkC message.
trkC Expression during Neural Crest Development At this stage of development, some cells of the overlying
in Vivo epithelial dermatome as well as subsets of cells in the neural
tube were also found to express trkC message (Fig. 2). Im-To examine the expression of the receptor tyrosine kinase
portantly, no trkC/ HNK-1-IR mesenchymal cells were evertrkC during embryogenesis, we performed in situ hybridiza-
observed along the lateral neural crest migration pathway.tions of wholemount preparations of chicken embryos of
different developmental stages using a trkC-speci®c cRNA
probe corresponding to the entire extracellular domain of
Differential Expression of trkC Isoformsthe receptor (Garner and Large, 1994). To determine the
embryonic origin and differentiated phenotype of expressing Alternative splicing generates multiple trkC isoforms af-
fecting the cytoplasmic portion of the molecule (Garner andcells, we simultaneously localized the expression of the
HNK-1 epitope, which is expressed predominantly in cells Large, 1994). Because the riboprobe we used for our initial
expression studies corresponds to the trkC extracellular do-of neural crest origin at the early stages of development that
we examined (Tucker et al., 1984; Rickmann et al., 1985). main, the observed expression pattern could be the result
of hybridization to any, or all, of these isoforms. Therefore,In the same preparations, we identi®ed neurons with a
monoclonal antibody to Hu proteins, which are expressed we examined the expression of the different trkC isoforms
using RT±PCR and in situ hybridization with riboprobesby all neurons earlier than any other presently identi®ed
pan-neuronal marker in the neural crest lineage (Marusich that distinguish the kinase containing and the KD isoforms
(see Materials and Methods).et al., 1994).
On Embryonic Day 2.5 (E2.5; stage 16±17), trkC mRNA We ®rst examined the expression of trkC isoforms by
RT±PCR. Total RNA was isolated from three sources: neu-was detected in epithelial dermamyotome cells and cells in
the vicinity of the dorsal neural tube (Fig. 1a). Sections of ral tubes obtained just after neural crest segregation, premi-
gratory (22 hr) neural crest cell clusters, and somite dis-the trunk region of these embryos revealed a subpopulation
of mesenchymal cells lateral to the neural tube that express sected before neural crest migration. cDNA reverse tran-
scribed from total RNA using oligo(dT) primers wastrkC message (Fig. 1b). Labeling of the same sections with
FIG. 1. trkC mRNA is expressed by a subpopulation of migratory neural crest cells on the medial pathway. (a) Stage 16 ±17 (E2.5) chicken
embryo hybridized with a trkC-speci®c riboprobe complementary to the extracellular domain. In the trunk, trkC mRNA is present in
the dorsal neural tube, dermamyotome, and in cells between the neural tube and dermamyotome. (b and c) A 12-mm frozen section through
the mid-trunk region of the embryo shown in (a) shows trkC-positive cells (b, arrow) between the neural tube and somite that also express
the neural crest marker HNK-1 (c, arrow). Note that the in situ reaction product partially quenches the ¯uorescence signal. Scale bars:
(a) 625 mm, (b) 35 mm.
FIG. 2. trkC mRNA is expressed by a subpopulation of DRG sensory neurons. (a) Wholemount preparation of a stage 23 (E4) chicken
embryo hybridized with a trkC-speci®c riboprobe complimentary to the extracellular domain. (b) Higher magni®cation of the hindlimb-
bud region of the same embryo illustrates hybridization in the neural tube, DRG, and dermamyotome. (c and d) Frozen section through
the mid-trunk region of the embryo in (a) shows hybridization in a subpopulation of Hu-IR (d) neurons as well as cells of the dermamyotome
(arrowheads in c). The reduced ¯uorescence intensity of the Hu-IR, trkC/ cells is due to quenching by the in situ reaction product. Scale
bars: (a) 1mm; (b) 250 mm; (c) 85 mm.
FIG. 4. Early expression pattern of kinase-containing trkC isoforms. A riboprobe to the C-terminal portion of the kinase domain, which
is absent in the KD isoform (see Materials and Methods) was used for in situ hybridization of a stage 17±18 chick embryo. (a). Wholemount
preparation in side view shows hybridization in cranial ganglia, dermamyotomes, and the dorsal portion of the neural tube. (b and c) The
same embryo as (a) at higher magni®cation in dorsal (b) and oblique (c) views showing positive cells in the dermamyotome (arrows), neural
crest and nascent DRG cells (arrowheads), and cells in the dorsal neural tube (asterisks). Scale bars: (a) 500 mm; (b) 250 mm.
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FIG. 5. Differential expression levels of the KD and kinase-containing trkC isoforms in the trunk. Limb-bud level of wholemount in
situ hybridization of stage 19±20 (E3±3.5; a and b) and stage 23 (E4; c and d) embryos with riboprobes that selectively recognize the KD
isoform (a and c) or kinase-containing isoforms (b and d). KD isoform transcripts are only detectable in the dermamyotome, while kinase-
containing transcripts are visible in nascent DRG, neural tube, as well as the dermamyotome. Scale bars: (a) 350 mm; (c) 250 mm.
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subjected to PCR using primers that speci®cally ampli®ed
either kinase containing isoforms (FL, KT, and KI) or the
kinase deletion isoform (KD; see Materials and Methods).
mRNA encoding the same set of isoforms, including FL,
KT, and KD, was present in all three tissues (Fig. 3). None
of the tissues expressed detectable levels of KI isoform
mRNA at this stage of development. In addition, ampli®ca-
tion products from neural tube and premigratory neural
crest cells, but not somite cells, contained a 708-bp product,
the identity of which is presently unknown (Fig. 3). FIG. 3. Expression of trkC isoforms. Total RNA isolated from
To localize the expression of different trkC isoforms neural tubes after neural crest segregation, 24-hr neural crest clus-
within the tissues examined by RT±PCR, we performed ters, and somites prior to neural crest migration was subjected to
RT±PCR (see Materials and Methods). Samples from each tissuewholemount in situ hybridizations with probes which dis-
were ampli®ed with primers within the kinase domain (FL) or withtinguish the kinase-containing and the KD isoforms. In situ
primers to the unique kinase deletion domain (KD). The FL primershybridization of E3 (stage 17±18) embryos with a riboprobe
ampli®ed two known products from all three tissues that corres-complementary to the C-terminal 500 bp of the full-length
ponded to the FL (772-bp) and KT (527-bp) forms of trkC. In additionkinase domain (probe trkC KIN; see Materials and Methods)
the FL primers ampli®ed a 708-bp fragment from neural tube and
and therefore complementary to only the FL, KT, and KI neural crest samples but not somite. The KD primers ampli®ed a
isoforms, revealed expression in migratory neural crest cells single band from all three tissues of the expected size for the KD
on the medial pathway and in nascent DRG (Fig. 4). In isoform (576 bp). The KI isoform was not detected in any samples
sections of these embryos, the few Hu/ cells in nascent at this time of development.
DRG were invariably trkC/, and other Hu0, trkC/ cells
were also present. Hybridization was also observed in cells
of the dermamyotome and cells in the neural tube. Since
KI isoform mRNA is not detectable in these tissues using not the lateral, migration pathway raised the possibility that
RT±PCR, the observed hybridization is most likely due to these cells may represent neurogenic precursor cells. To test
the presence of FL and KT trkC transcripts. Further, since this notion, we compared the expression of trkC mRNAs
the FL ampli®cation product is much more abundant than by RT±PCR in neural crest cell populations with veri®ed
the KT product in any given RT±PCR sample, the majority neurogenic ability with that in populations that lack neuro-
of hybridization observed with the trkC KIN probe is most genic potential (Vogel and Weston, 1988). Total RNA was
likely due to the presence of FL transcripts. extracted from 24 hr (neurogenic) neural crest cell clusters
To localize the KD isoform in situ, hybridizations were
and nonneurogenic neural crest cell populations whose dis-performed using a riboprobe corresponding to the unique
persal was experimentally delayed in vitro for an additionalkinase deletion motif (probe trkC KD; see Materials and
24 hr (48-hr clusters). In parallel, some of these cells wereMethods). No hybridization was observed in neural crest
plated into dispersed culture and grown for 4 days in neuro-cells, nascent DRG, or neural tube cells, even when prepara-
genesis permissive medium. As expected, many neuronstions were overreacted in color development solution. How-
were present in cultures derived from 24-hr clusters,ever, abundant hybridization was readily detected in derma-
whereas no cells in cultures derived from 48-hr clustersmyotome cells of the somite (Fig. 5).
expressed neuronal traits including Hu- or A2B5-IR (not
shown; see Vogel and Weston, 1988; Henion and Weston,
trkC Transcripts Are Only Present in Neural Crest 1994). Whereas RT±PCR of samples from 24-hr clusters
Cell Populations That Have Neurogenic Potential demonstrate the presence of multiple trkC isoforms, sam-
ples from 48-hr clusters revealed no trkC isoform ampli®-Expression of trkC transcripts by subsets of premigratory
and early-migrating neural crest cells on the medial, but cation products (Fig. 6).
FIG. 7. NT-3 partially supports neurogenesis by cultured neural crest cell populations. Representative ®elds of cultures labeled with the
neuron-speci®c Hu antibody show that when 24-hr neural crest cell clusters are grown for 3.5 days in dispersed culture in PM, a large
number of neurons are present in the cultures (a). If cells are cultured in NPM for the initial 24 hr of dispersed culture, and then grown
in PM subsequently, the resulting cultures completely lack neurons (b). If, however, NT-3 is added to the NPM for the initial 24 hr of
dispersed culture, and then the cells develop in PM subsequently, the cultures contain approximately one-third of the number of neurons
present in control cultures (c). Scale bar, 20 mm.
FIG. 8. Immunodepletion of NT-3 function during the initial development of neural crest cells results in decreased neurogenesis.
Representative ®elds labeled with the neuron-speci®c Hu antibody show neural crest cell populations grown for the initial 24 hr of
dispersed culture in PM with an NT-3 function-blocking antibody, and then grown in PM without antibody (b), contain approximately
two-thirds of the number of neurons present in cultures grown continuously in PM without antibody (a). Scale bar, 20 mm.
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gested that roughly a third of the neurons present in control
cultures are derived from a subset of neurogenic precursor
cells that depend on NT-3 function during this period. To test
this inference, NT-3 activity was selectively removed from
PM by addition of a NT-3 function-blocking antibody (Gaese
et al., 1994; kind gift of Dr. Ilse Bartke) to PM during the
initial 24 hr of dispersed culture. Cultures were then grown
in PM without antibody for the remainder of the culture pe-
riod. As expected, addition of the NT-3-blocking antibody to
PM during the initial 24 hr of dispersed culture resulted in
populations that generated approximately two-thirds of theFIG. 6. trkC transcripts are only expressed by neural crest cell
neurons present in cultures grown continuously in PM (Fig.populations that posess neurogenic potential. Total RNA from 24-
8, Table 2). No greater decrease in neurogenesis was observedhr, neurogenic and 48-hr, nonneurogenic neural crest cell clusters
when the NT-3 antibody was added for the entire culture(see Materials and Methods) was reverse transcribed and ampli®ed
by PCR with primers to the kinase domain (FL) and to the kinase period or for the remainder of the culture period after 24 hr
deletion motif (KD). No products were ampli®ed by either primer in PM without antibody. As expected, immunodepletion of
pairs in samples from 48-hr, nonneurogenic neural crest clusters. NGF activity had no effect on neurogenesis (Table 2).
To assure template activity, primers to chicken b-actin included
with the trkC primer pairs in 48-hr neural crest cluster samples
produced a single product of the expected size (620 bp) for b-actin. DISCUSSION
trkC Expression Precedes Overt Neuronal
Differentiation and Is Restricted to NeurogenicA Subpopulation of Neurogenic Neural Crest Cells Neural Crest Cell PopulationsRequires NT-3 Early in Development
Peripheral neurons in the trunk are derived exclusively from
trkC transcripts are present only in neural crest cell popu- a subpopulation of neural crest cells that migrates promptly
lations that possess neurogenic ability. Since trkC mRNA from the MSA along the medial migration pathway. We found
is ®rst expressed in a subset of medially migrating neural that a subpopulation of early-migrating neural crest cells
crest cells, and then in a subpopulation of crest-derived neu- (HNK-1/) on the medial migration pathway expresses trkC
rons, it is possible that the NT-3:trkC signaling system mRNA (see also Tessarollo et al., 1993; Kahane and Kalcheim,
plays an early role in the development of neurogenic precur- 1994). Importantly, analysis of the same sections with an early
sors prior to overt neuronal differentiation. To test this no- neuronal marker (anti-Hu) demonstrates that trkC mRNA ex-
tion, we assessed the effects of NT-3 activity on the neuro- pression precedes overt neuronal differentiation. That is, no
genic ability of cultured neural crest cell populations.
When neurogenic (20- to 24-hr) neural crest cell clusters
are grown in dispersed culture in complex, neurogenesis
permissive medium (PM), the resulting cultures contain 25± TABLE 1
30% neurons after 3.5 days (Fig 7a; Table 1). Addition of
Effect of Availability of NT-3 on Neurogenesis in NPM
exogenous NT-3 to PM did not further increase the propor-
tion of neurons. However, if 20- to 24-hr clusters are grown Percentage neurons
Culture conditions (% control)for 24 hr in dispersed culture in a medium that is nonper-
missive for neurogenesis (NPM), the resulting cultures lack
PM r PM 100neurons even when they are returned after the ®rst 24 hr
NPM r PM 0to PM for the remainder of the culture period (Fig. 7b, Table
NPM r PM / NT-3 0
1). In contrast, if NT-3 is added to the NPM during the NPM / NT-3 r PM 35.7 { 3.3
initial 24-hr period of dispersed culture, and then the me- NPM / NGF r PM 0
dium is changed to PM for the remainder of the culture
Note. Twenty-four-hour neural crest clusters with veri®ed neuro-period, the proportion of neuronal cells in the resulting cul-
genic potential were grown in dispersed culture under the ®rsttures increases to approximately one-third of that found in
condition indicated (before arrows) for 24 hr. The cultures werecontrol (PM) cultures (Fig 7c; Table 1). Addition of NT-3
then grown under the second condition indicated (after arrows) forafter the initial 24 hr in NPM did not rescue neurogenesis,
a total dispersed culture period of 3.5±4 days. At this time, theand the continued presence of NT-3 after the initial 24 hr
proportion of neuronal (Hu-IR) cells was determined by counts of
period did not increase the number of neurons compared to random ®elds and expressed as a percentage of the proportion of
cultures grown in NPM with NT-3 for only the initial 24- neurons present in control cultures (100%). The results are pre-
hr period. Replacement of NT-3 with NGF under all para- sented as the mean and standard deviation of at least four separate
digms had no effect on neurogenesis (Table 1). experiments in which at least 500 cells were counted per experi-
ment.The effects of NT-3 during the initial 24 hr of culture sug-
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TABLE 2 tent with the possibility that NT-3 affects neurogenesis via an
intermediary nonneuronal cell type. Therefore, these resultsEffect of Immunodepletion of NT-3 from PM on Neurogenesis
suggest that NT-3 is required early in development by a subset
Percentage neurons of neurogenic neural crest-derived cells.
Culture conditions (% control) How NT-3 promotes neurogenesis by neural crest-derived
precursor cells is not yet clear. NT-3 may be necessary toPM r PM 100
sustain neurogenic ability or competence, so that in thePM / anti-NT-3 r PM 68.5 { 4.1
absence of NT-3, responsive cells adopt nonneuronal fates.PM / anti-NT-3 r PM / anti-NT-3 65.7 { 5.8
PM r PM / anti-NT-3 71.3 { 6.8 It is also possible that NT-3 selectively promotes the prolif-
PM / anti-NGF r PM 100 eration of neurogenic precursors, since NT-3 can act as a
mitogen for early neural crest cells (Kalcheim et al., 1992).
Note. Twenty-four-hour crest clusters with veri®ed neurogenic There is also evidence that NT-3 can promote neuronal
potential were grown in dispersed culture under the ®rst condition
differentiation (Wright et al., 1992). However, based on theindicated (before arrows) for 24 hr. The cultures were then grown
abundant evidence for the neuronal survival functionsin the second condition indicated (after arrows) for a total dispersed
served by NT-3 later in development in vivo (Gaese et al.,culture period of 3.5±4 days. At this time, the proportion of neu-
1994; Oakley et al., 1995) and in vitro (Ernfors et al., 1990;ronal (Hu-IR) cells was determined by counts of random ®elds and
Jones and Reichardt, 1990; Hohn et al., 1990; Maisonpierreexpressed as a percentage of the proportion of neurons present in
et al., 1990; Rosenthal et al., 1990; Collazo et al., 1992;control cultures (100%). The results are presented as the mean and
standard deviation of at least three separate experiments in which Birren et al., 1993; DiCicco-Bloom et al., 1993; Gaese et al.,
at least 500 cells were counted per experiment. 1994), we suggest that NT-3 may act as a trophic factor
for a subpopulation of neurogenic precursors before and/or
during the initial stages of migration. A quantitative analy-
sis of individual cultured neural crest cells grown in the
neural crest cells expressed Hu-IR when crest cells expressing presence or absence of NT-3 will be required to test trophic
trkC mRNA were ®rst detected on the medial pathway. In activity on neural crest cells prior to their neuronal differen-
addition, trkC mRNA was not detected in neural crest cells tiation. If NT-3 does serve as a trophic factor for a subset
on the lateral migration pathway, where neurogenesis never of neural crest cells, it will be important to examine
whether, and to what degree, the absence of crest-derivednormally occurs. Consistent with published reports (see Tes-
neurons in NT-3 (Farinas et al., 1994; Ernfors et al., 1994;sarallo et al., 1993; Kahane and Kalcheim, 1994; Zhang et al.,
Tessarollo et al., 1994) and trkC (Klein et al., 1994) knock-1994), a large number of neurons (Hu-IR) primarily in the
out mice is, in fact, due to the death of their neural crestventrolateral region of nascent sensory ganglia express trkC
precursors. Likewise, it will be important to determinemessage later in development (Stage 23, E4). Taken together,
whether the loss of neurogenic potential in crest cell popu-the pattern of trkC mRNA expression suggests that the early
lations that undergo delayed dispersal (see Vogel and Wes-migrating neural crest cells on the medial pathway that ex-
ton, 1988) can be partially rescued by NT-3 in vivo.press trkC message represent a subpopulation of neurogenic
The fact that the presence of NT-3 during the initial de-precursors that give rise to a subset of DRG neurons. Consis-
velopment of cultured neural crest cells only partially res-tent with this notion, we found that premigratory neural crest
cues, and its absence partially deletes, the neurogenic abil-cells that possess neurogenic potential express trkC tran-
ity of the population is consistent with both the expressionscripts in vitro, whereas trkC transcripts were undetectable
pattern of trkC mRNA in vivo and the phenotypes of NT-by RT±PCR in RNA isolated from neural crest cell popula-
3 and trkC knockout mice. Trunk neural crest cells thattions that lack neurogenic potential. Therefore, we suggest
migrate on the medial pathway give rise to all peripheralthat trkC is expressed by a subset of a neurogenic subpopula-
neurons, but also include a nonneurogenic component thattion of neural crest cells and that trkC expression may be an
gives rise to glial cells and possibly some melanocytes.early indicator of fate-speci®ed neurogenic precursors in the
Therefore, presumptive neurogenic precursors would com-neural crest lineage.
prise a subpopulation of these cells, and only a small subset
of medially migrating cells appears to express trkC mRNA.
Taken together, these results suggest that NT-3 is requiredEarly Neural Crest Cell Populations Contain NT-3-
by a subset of a neurogenic neural crest cell subpopulationDependent Neurogenic Precursors
and that other neurogenic cells are either trophic factor-
NT-3 partially rescues the neurogenic potential of cultured independent or require distinct or additional trophic factors
neural crest cell populations grown in a medium that does (Vogel and Davies, 1991; Davies, 1994).
not otherwise support neurogenesis. Likewise, immunodeple-
Expression of trkC Receptors by Dermamyotometion of functional NT-3 from neurogenesis permissive me-
Cells May Restrict Neurogenesis to the Medialdium during the same period of culture results in a correspond-
Neural Crest Migration Pathwaying decrease in neurogenesis. The pattern of trkC expression
in vivo and the lack of expression of trkC transcripts by neural We, and others (Kahane and Kalcheim, 1994; Zhang et
al., 1994), have observed expression of trkC mRNA in cellscrest populations that lack only neurogenic cells is not consis-
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